Objective: Growth differentiation factor-15 (GDF-15) is a stress-responsive cytokine that is increased in obesity and established type 2 diabetes. We assessed whether GDF-15 can predict future insulin resistance and impaired glucose control in obese nondiabetic individuals. Design and methods: Plasma GDF-15 concentrations were measured with an automated electrochemiluminescent immunoassay at baseline and after 4 years in 496 obese nondiabetic individuals (52% men, median age 48 years, median body mass index (BMI) 37.6 kg/m 2 ) enrolled in the XENical in the prevention of Diabetes in Obese subjects (XENDOS) trial.
Introduction
Obesity prevalence has increased in the past 30 years in most countries and regions of the world (1) . The obesity epidemic is driven mainly by the increased availability and promotion of cheap, energy-dense food in combination with low physical activity levels (2) . The global rise of obesity has serious health effects. Obesity is a leading cause of type 2 diabetes and its main complication, cardiovascular disease (3) .
Type 2 diabetes is at one end of a continuous glucose control spectrum with normal glucose tolerance at the other. In between, there exists a condition called prediabetes, defined as impaired fasting glucose (IFG) or impaired glucose tolerance (IGT) (4) . Like diabetes, prediabetes is associated with obesity (especially abdominal obesity), insulin resistance, dyslipidemia with high triglycerides and/or low HDL cholesterol, and hypertension (4) . Recent data suggest that 12.9% of the adult US population have diabetes and another 29.5% have prediabetes (5) . Individuals with prediabetes have a high risk of developing diabetes (4) , and a sizable increase in the risk of cardiovascular disease (6) . Given these factors, individuals with prediabetes will form a significant proportion of the health care burden associated with obesity in the future. Because of the inter-individual variability in the risk of developing prediabetes or diabetes, identification of obese individuals at higher risk is important to target and intensify preventive measures.
Growth differentiation factor-15 (GDF-15), initially described as macrophage-inhibitory cytokine 1 (7) , is a member of the transforming growth factor-b cytokine superfamily that is produced in response to oxidative stress and inflammation by multiple cell types, including macrophages, adipocytes, and cardiovascular cells (7, 8, 9, 10) . Increased circulating concentrations of GDF-15 are associated with increased risks of fatal and nonfatal cardiovascular events in community-dwelling individuals (11, 12) , and patients with cardiovascular disease (13, 14, 15, 16) . In these studies, individuals with established type 2 diabetes had higher circulating concentrations of GDF-15, also after adjustment for confounding factors including body weight. Two smaller, cross-sectional studies found that 'healthy' obese individuals also have increased circulating levels of GDF-15 which were found to be associated with measures of impaired glucose control (9, 17) .
These previous reports prompted us to explore in a longitudinal study of obese nondiabetic individuals enrolled in the XENDOS trial i) whether GDF-15 plasma levels rise already in a prediabetic, insulin-resistant state and ii) whether GDF-15 can predict future insulin resistance and impaired glucose control.
Materials and methods

Patients and study design
The present investigation is a substudy from the XENDOS trial, a 4-year, double-blind, randomized, and placebo-controlled study carried out at 22 Swedish medical centers between 1997 and 2002. The protocol and main results of the trial have been published (18) . Eligible individuals were 30-60 years of age, with a BMI R30 kg/m 2 . Participants were required to have a nondiabetic glucose tolerance as assessed by a 75 g oral glucose tolerance test (OGTT) performed at baseline using venous whole blood and the 1994 WHO criteria (fasting whole blood glucose !6.7 mmol/l and 2-h whole blood glucose !10.0 mmol/l). Patients with cardiovascular or gastrointestinal disease were excluded (18) . During the study, all participants were prescribed a reduced-calorie diet (w800 kcal deficit per day) containing 30% of calories from fat and not more than 300 mg cholesterol per day. The prescribed energy intake was readjusted every 6 months to account for any weight loss during the preceding months. Participants received dietary counseling on a regular basis and were randomized in a one-to-one ratio to placebo or orlistat 120 mg with breakfast, lunch, and dinner. In the overall trial, 52% of the orlistat patients compared with 34% of the placebo patients completed treatment. Mean weight loss after 4 years was significantly greater with orlistat compared with placebo (5.8 vs 3.0 kg) (18) . Estimated glomerular filtration rate (eGFR) was calculated by the CKD-EPI equation (19) . Metabolic syndrome was defined according to a recent Joint Scientific Statement (20) . The present biomarker substudy includes 496 individuals from both randomization groups. The study protocol was approved by all relevant ethics review committees in Sweden. All study participants provided written informed consent.
Assessment of glucose control
Fasting plasma insulin and venous whole blood glucose, as well as 2-h plasma insulin and venous whole blood glucose concentrations from a 75 g OGTT were available at baseline and at 4 years. A constant factor of 1.11 was used to convert glucose concentration in whole blood to the equivalent concentration in the pertinent plasma (21) . Diagnosis and classification of prediabetes and diabetes were performed according to the recent position statement of the American Diabetes Association (4). Diabetes was defined as a fasting plasma glucose concentration R7.0 mmol/l or a 2-h OGTT plasma glucose concentration R11.1 mmol/l. IFG was defined as a fasting plasma glucose R5.6 and %6.9 mmol/l, and a 2-h OGTT plasma glucose !7.8 mmol/l. IGT was defined as a fasting plasma glucose !7.0 mmol/l and a 2-h OGTT plasma glucose R7.8 and !11.1 mmol/l. Homeostasis model assessment of insulin resistance (HOMA-IR) was calculated as fasting plasma insulin (in mU/l)!fasting plasma glucose (in mmol/l)/22.5 (22) .
GDF-15 measurements
At baseline and at 4 years, GDF-15 was measured in morning EDTA plasma samples collected after an overnight fast. Participants were supine in position for w5-10 min prior to phlebotomy. Blood was immediately centrifuged, and plasma was stored at K70 8C until assayed. GDF-15 was measured with a precommercial, automated electrochemiluminescent immunoassay on a cobas e 411 analyzer (Roche Diagnostics). The assay has a limit of detection below 10 ng/l, a linear measuring range up to 20 000 ng/l, and an inter-assay imprecision of 2.3 and 1.8% at GDF-15 concentrations of 1100 and 17 200 ng/l, respectively (Roche Diagnostics, data on file). GDF-15 values obtained with the electrochemiluminescent assay correlate closely with the values measured with our previously described (23) IRMA (rZ0.980, slope 1.049, intercept K136 ng/l, nZ45 samples with GDF-15 concentrations ranging from 567 to 13 334 ng/l).
Statistical analysis
Data are presented as numbers (%) or median (interquartile range). The Kolmogorov-Smirnov test was used to test for a normal distribution of continuous variables. GDF-15 and HOMA-IR were not normally distributed and were transformed to their natural logarithm for all regression analyses. Continuous variables were compared by the Mann-Whitney U test. Comparisons between strata of patients were performed by one-way ANOVA with Fisher's post hoc test. Proportions were compared by the c 2 test. Simple and multivariate linear regression analyses were used to evaluate the association of clinical and biochemical parameters with ln GDF-15 or ln HOMA-IR as dependent variables. Simple and multivariate logistic regression analyses were used to identify predictors of an abnormal glucose control (prediabetes or diabetes) at 4 years. All P values are reported two-sided. P values !0.05 were considered to indicate statistical significance. No adjustments for multiplicity were made and the results are to be considered exploratory. Analyses were performed using the StatView 5 and SPSS 19 statistical programs.
Results
Study population
The study population included 496 individuals with a balanced gender distribution (52% men) and a median age of 48 years (interquartile range 40-52 years). Study participants had a median body weight of 112.4 kg, a median BMI of 37.6 kg/m 2 , and a median waist-to-hip ratio of 1.0 (Table 1) . After 4 years, study participants had lost on average (mean) 3.9 kg which was associated with improved HOMA-IR, an improved lipid profile (increased HDL and reduced LDL cholesterol levels), and a reduction in systolic blood pressure (Table 1) .
At baseline, 238 individuals (48%) had a normal glucose tolerance and 258 (52%) had prediabetes. After 4 years, 235 individuals (47%) had a normal glucose tolerance, 217 (44%) had prediabetes, and 44 (9%) had diabetes. Among those with a normal glucose tolerance at baseline, 35% (83 out of 238) had developed prediabetes at 4 years and 4% (9/238) had developed diabetes; among individuals with prediabetes at baseline, 34% (89/258) had a normal glucose tolerance at 4 years and 14% (35/258) had progressed to diabetes. Overall, 216 individuals (44%) had changed their glucose control status from baseline to 4 years.
GDF-15 in relation to clinical parameters and glucose control at baseline
The median GDF-15 concentration at baseline was 869 ng/l (interquartile range 723-1064 ng/l; range 384-2654 ng/l). GDF-15 was related to age, male gender, anthropometric measures of obesity (body weight, BMI, waist-to-hip ratio), impaired glucose control (fasting insulin, HOMA-IR, 2-h OGTT glucose), Table 2 Baseline variables associated with GDF-15. All baseline variables shown in Table 1 were tested for their univariate and multivariate (independent) associations with In GDF-15 at baseline. Body weight, fasting glucose and insulin, and 2-h OGTT glucose and insulin were not included in the multivariate analysis, given that BMI and HOMA-IR were considered. Statistically significant associations are shown. triglycerides, systolic blood pressure, and lower eGFR ( Table 2) . Upon multivariate adjustment (Table 2) , GDF-15 remained independently associated with age (P!0.001), BMI (PZ0.002), and lower eGFR (PZ0.001). Individuals with prediabetes had somewhat higher GDF-15 concentrations compared with those with a normal glucose tolerance (median (interquartile range) 893 (746-1087) vs 854 (712-1007) ng/l; PZ0.046). Among individuals with prediabetes, GDF-15 levels were elevated in IGT but not in IFG (Fig. 1A) .
Change of GDF-15 concentration over time
At 4 years, the median GDF-15 concentration had increased slightly to 932 (interquartile range 756-1141) ng/l, representing a median increase from baseline of 42 ng/l (interquartile range K65 to 166 ng/l; range K1350 to 2315 ng/l; P!0.001).
The inter-individual variability of the changes in GDF-15 from baseline to 4 years is illustrated in Fig. 2 . Sixty-eight percent of the study participants fulfilled the criteria for metabolic syndrome at baseline, 66% at 4 years. At 4 years, GDF-15 levels were higher in patients with metabolic syndrome compared with those without (959 (794-1177) vs 875 (708-1048) ng/l, P!0.001). No significant difference was observed at baseline (PZ0.11).
GDF-15 levels at baseline were comparable in patients randomized to placebo or orlistat (PZ0.91). Changes over 4 years were not significantly different between both groups (median change (interquartile range), placebo 59 (K56 to 169) vs orlistat 25 (K73 to 156); PZ0.12).
Also at 4 years, GDF-15 concentrations were higher in individuals with prediabetes than in those with a normal glucose tolerance (941 (interquartile range 806-1189) vs 896 (709-1047) ng/l; PZ0.001); this resulted again from increased GDF-15 levels in IGT but not in IFG (Fig. 1B) . Even higher concentrations were measured in patients with type 2 diabetes at 4 years (1136 (876-1428) ng/l; P!0.001 vs normal glucose tolerance) (Fig. 1B) .
The same baseline variables (except for body weight, 2-h OGTT glucose, and eGFR) that were associated with GDF-15 at study entry were associated with changes in GDF-15 over time (Table 3) . Moreover, changes in body weight, BMI, and waist-to-hip ratio; fasting glucose, fasting insulin, 2-h OGTT glucose, and 2-h OGTT insulin; HOMA-IR; triglyceride levels; and eGFR (inverse relation) were associated with changes in GDF-15 over time (Table 3) . Upon multivariate adjustment, age (P!0.001), changes in waist-to-hip ratio (PZ0.025) and triglycerides (PZ0.023), HOMA-IR (PZ0.006), and eGFR (PZ0.020, inverse relation) remained independently associated with changes in GDF-15 (Table 3) .
GDF-15 at baseline in relation to glucose control at 4 years
The relationship between baseline GDF-15 and glucose control at 4 years is illustrated in Fig. 3 . The risks of an abnormal glucose control (prediabetes or diabetes) at 
years increased with increasing tertiles of baseline GDF-15 (PZ0.021).
The risk to have an abnormal glucose control at 4 years increased with increasing GDF-15 concentrations at baseline (odds ratio (OR) for 1 unit increase in ln GDF-15 3.2; 95% confidence interval: 1.7-6.1; P!0.001). In a multivariable logistic regression analysis that adjusted for age, gender, treatment allocation (orlistat vs placebo), baseline BMI and waist-to-hip ratio, and stratum at baseline (normal glucose tolerance vs prediabetes), baseline GDF-15 remained significantly associated with the risk to have an abnormal glucose control at 4 years (Table 4) . Besides GDF-15, only prediabetes at baseline emerged as an independent predictor of an abnormal glucose control at 4 years (Table 4) .
To complement these analyses relating baseline GDF-15 to a dichotomous outcome at 4 years (normal vs abnormal glucose control), we assessed the relationship of baseline GDF-15 with HOMA-IR at 4 years. Increasing GDF-15 concentrations at baseline was significantly associated with HOMA-IR at 4 years (Pearson's rZ0.22; P!0.001). After multivariate adjustment for age, gender, treatment allocation, baseline BMI and waist-to-hip ratio, and baseline HOMA-IR, GDF-15 at baseline remained significantly associated with HOMA-IR at 4 years (standardized bZ0.10; PZ0.024). Other variables independently associated with HOMA-IR at 4 years included baseline HOMA-IR (standardized bZ0.37; P!0.001), baseline BMI (standardized bZ0.20; P!0.001), and allocation to the placebo group (standardized bZ0.12; PZ0.003).
Discussion
The present longitudinal study in a large cohort of obese individuals identifies GDF-15 as a marker of abdominal obesity and insulin resistance and shows that GDF-15 levels at baseline provide independent information on insulin resistance and glucose control 4 years later.
GDF-15 levels in this study were higher than the levels previously measured in apparently healthy nonobese, 40-59 year-old Swedish individuals (nZ110; median age 56 years; median GDF-15 667 ng/l; interquartile range 487-869 ng/l; P!0.001) (23), but lower than the levels in patients with established cardiovascular disease (13, 14, 15, 16) . GDF-15 levels were higher in obese individuals with prediabetes compared with those with a normal glucose tolerance. GDF-15 was not related to fasting glucose, and individuals with IFG did not present with higher GDF-15 levels compared with those having a normal glucose tolerance. Instead, GDF-15 was high in individuals with IGT, which is reflecting postprandial peripheral insulin resistance (24) , and appears to be associated with higher cardiovascular risk as compared with IFG (25) . In addition, GDF-15 was associated with fasting insulin and insulin resistance (HOMA-IR) which are reflecting whole body insulin resistance (22) . No prediabetes or T2DM Figure 3 Glucose control at 4 years in relation to GDF-15 concentrations at baseline. Number of patients with normal glucose tolerance, prediabetes, or type 2 diabetes (T2DM) at 4 years in relation to tertiles of GDF-15 plasma concentrations at baseline (tertile boundaries, 772, and 979 ng/l). PZ0.021 (c 2 test).
In keeping with this observation, worsening insulin resistance over time in individuals who developed type 2 diabetes at 4 years was associated with the highest GDF-15 concentrations.
We observed a considerable inter-individual variability in the changes in GDF-15 over time. Age emerged as the strongest predictor of baseline GDF-15 and its changes. In addition, changes in GDF-15 were related to changes in abdominal obesity and insulin resistance. A previous study in 28 morbidly obese individuals undergoing gastric bypass surgery found GDF-15 levels to increase 1 year after the surgery, and noted that patients with larger reductions in body weight or greater improvements in insulin resistance had smaller increases in GDF-15 (17) . Observations in communitydwelling individuals and patients with cardiovascular disease confirm the strong impact of age on GDF-15 (11, 12, 13, 14, 15, 26) . However, age is not the only predictor of baseline GDF-15 and its changes; consistent with others (17), we identified obesity and insulin resistance as important modulators of baseline GDF-15 and its changes over time.
Our observations extend previous, smaller crosssectional studies that found GDF-15 to be associated with body weight, insulin resistance, and type 2 diabetes in obese individuals (9, 17) . Associations of GDF-15 to obesity and diabetes have also been observed in community-dwelling individuals (11, 12, 26) . Moreover, diabetes is a main determinant of GDF-15 levels in patients with established cardiovascular disease (13, 14, 15) . Our study in obese individuals with no overt cardiovascular disease emphasizes that GDF-15 levels may start to increase already in a prediabetic, insulin resistant state before the occurrence of cardiovascular complications. The associations of GDF-15 to insulin resistance and prediabetes may help explain how GDF-15, as a biomarker, enhances cardiovascular risk assessment beyond age and other traditional cardiovascular risk factors in community-dwelling individuals and patients with cardiovascular disease (11, 12, 13, 14, 15, 16) .
One of the most notable findings in this study was that GDF-15 levels at baseline were associated with the risk to have an abnormal glucose control at 4 years, an association that was independent of age, gender, treatment allocation, BMI and waist-to-hip ratio, and glucose control at baseline. Similarly, we observed an independent association of baseline GDF-15 to insulin resistance at 4 years. A nested case-control study in British civil servants, most of whom were not obese, found that GDF-15 levels at baseline were higher in individuals who subsequently developed type 2 diabetes compared with those who remained free of diabetes; this association, however, was no longer statistically significant after adjusting for age, gender, and waist circumference (27) . In contrast to that report, participants in our study were obese, half of them already had prediabetes at baseline, and we followed them for any abnormal glucose control (prediabetes or diabetes) or insulin resistance. Thus, by design, our study may have been more sensitive to detect an independent association of GDF-15 with worsening glucose control.
While the cellular sources of GDF-15 in obesity and (pre)diabetes remain to be established, it is known that GDF-15 is expressed in human adipose tissue and is secreted from human adipocytes (8, 9) . Expression of GDF-15 is controlled on a transcriptional level by p53 (10), a transcription factor that is thought to provide a critical link between obesity and insulin resistance (28) . Indeed, obesity promotes p53 activation in adipose tissue thus leading to increased production of proinflammatory cytokines, insulin resistance, and diabetes (29) . GDF-15 may be a marker of this disease pathway in adipose tissue.
Both insulin resistance and GDF-15 are associated with low-grade inflammation, which is reflected in multiple tissues, including adipose tissue and the vascular endothelium (26, 30, 31) . In keeping with this fact, insulin resistance and GDF-15 are both associated with endothelial dysfunction (26, 32) . Hence, the association between GDF-15 and insulin resistance may also reflect an overall state of metabolic derangement, inflammation, and vascular pathologies that is associated with increased cardiovascular risk.
More studies are needed to conclude if GDF-15 is a marker, a causal mediator, or a compensatory mechanism in humans with obesity and insulin resistance, and to determine how this may relate to the increased cardiovascular risk observed in these individuals. Notably, transgenic over-expression of GDF-15 in mice leads to decreased body weight and fat mass and improved glucose tolerance under high fat-fed conditions, suggesting that GDF-15 may serve a compensatory role (33) . Studies on GDF-15 deficient mice are required to assess the function of endogenous GDF-15 in this setting. Our study has a number of strengths and limitations that merit consideration. The size of the study population, the longitudinal design, and the careful and standardized clinical and biochemical follow-up within a clinical trial represent the strengths of our study. Participants in the trial were prescribed a reduced-calorie diet, they received dietary counseling and, by design, half of them were prescribed orlistat. As a potential limitation, some of our observations may therefore not apply to obese individuals not enrolled in similar weight reduction programs. Many of the baseline and change variables examined for their association with baseline GDF-15 and changes in GDF-15 over time are correlated, thus raising an issue of multicollinearity. Individual predictors identified (or eliminated) in the multiple regression models therefore need to be interpreted with caution. The number of obese individuals progressing to overt type 2 diabetes during 4 years of follow-up was small, and we were unable to explore if baseline GDF-15 predicts the development of diabetes. Finally, plasma samples were stored at K70 8C for up to 15 years (4 years less in the follow-up samples). While GDF-15 is thought to have favorable preanalytical characteristics (23) , the stability of the analyte during prolonged storage is difficult to assess directly. However, our conclusion that worsening cardiometabolic status is responsible for the observed increases in GDF-15 over time is consistent with previous studies on obese individuals and patients with heart failure (14, 17) .
In conclusion, this study identifies GDF-15 as an independent predictor of insulin resistance and abnormal glucose control in obese individuals. GDF-15 may provide a link between obesity, diabetes, and cardiovascular risk, and our findings should therefore encourage further research into the pathobiology and prognostic implications of this cytokine in the setting of obesity and insulin resistance. Funding Dr K C Wollert was supported by the German Ministry of Education and Research (BMBF, BioChancePlus). GDF-15 immunoassays were provided by Roche Diagnostics. The funders had no role in the design and conduct of the study or the collection and analysis of the data.
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